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We introduce a time-delayed beam splitting method based on the energy separation of x-ray
photon beams. It is implemented and theoretically substantiated on an example of an x-ray optical
scheme similar to that of the classical Michelson interferometer. The splitter/mixer uses Bragg-case
diffraction from a thin diamond crystal. Another two diamond crystals are used as back-reflectors.
For energy separation the back-reflectors are set at slightly different temperatures and angular
deviations from exact backscattering. Because of energy separation and a minimal number (three)
of optical elements, the split-delay line has high efficiency and is simple to operate. Due to the high
transparency of diamond crystal, the split-delay line can be used in a beam sharing mode at x-ray
free-electron laser facilities. The delay line can be made more compact by adding a fourth crystal.
PACS numbers: 41.50.+h, 07.85.Nc, 78.70.Ck, 61.05.C-
Complex nanoscale dynamics in condensed matter can
be studied in a broad dynamic range by x-ray photon cor-
relation spectroscopy (XPCS) using coherent x-rays from
x-ray free-electron lasers (XFELs) [1]. The split-pulse
technique is one of the promising approaches to access
dynamics from femtosecond to nanosecond regimes. In
this technique, each x-ray pulse is split into reference and
delayed pulses of equal intensity, arriving at the sample
separated in time. The scattering from the reference and
delayed pulses is then collected during the same exposure
of an area detector.
The principle optical scheme of the split-pulse tech-
nique was discussed in [1–3]. The main components are
a splitter and mixer crystals in Bragg diffraction, and
two additional Bragg reflecting crystals guiding the de-
layed pulse and controlling the delay. To ensure very
short (femtosecond length) and even negative delays, an
advanced scheme was proposed and realized [4–6]. It has
additional four crystals (total eight) designed to guide the
reference pulse. The large number of optical elements in-
evitably complicates alignment and operations, and also
compromises the split-delay line efficiency.
Here we introduce and study theoretically the per-
formance of a split-delay x-ray scheme with the mini-
mal amount of crystals, three, as shown in Fig. 1. The
scheme resembles the classical Michelson interferometer
[24]. Crystal C
0
plays the roles of both the splitter and
the mixer. Crystals C
2
and C
1
are set to reflect x-rays in
almost exact Bragg backscattering geometry, and guide
the reference (red) and delayed (blue) pulses to sample
S through C
0
or by reflecting from C
0
, respectively. The
delay τ = 2L/c is varied by changing the crystal C
2
spa-
tial position along the beam, i.e., a delay path L.
The central problem in the design of a split-delay line
is how to split the incident beam and how to bring to-
gether the reference and delayed beams on the sample.
In the traditional scheme, which we term as single-energy
splitting (SES), photons of the same energy are divided
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FIG. 1: Optical scheme of a three-crystal C0 , C1 , C2 , split-
delay line in a Michelson-interferometer-type configuration
using dual-energy splitting (see text for details). The ref-
erence (red) and delayed (blue) beams are shifted parallel to
each other by δx, provided the angular deviations from ex-
act backscattering δθ1 = δθ2 . The parallel beams are focused
on sample S by focusing system F. The shift δx, see Eq. (1),
is due to a finite thickness d of crystal C0 , and a delay path
length L determining the nonzero x-ray pulse delay τ = 2L/c.
between the reference and delayed beams. Equal inten-
sity splitting can be realized by using Bragg diffraction
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FIG. 2: Spectral dependencies of reflection (R) from and
transmission (T) through individual crystals of the split-delay
line, calculated in the framework of the dynamical theory of
x-ray diffraction, with crystal parameters of device 1, given
in Table I.
in the reflection (Bragg-case) geometry. To transmit 50%
of the incident beam into the forward direction, crystal
thickness should be close to the extinction length Λ. For
suitable Bragg reflections in silicon, diamond, and some
other crystals, Λ ≈ 1 − 10 µm, which requires very thin
crystals, the manufacture of which is a challenging but
now feasible task [7]. Alternatively, Bragg diffraction in
the transmission (Laue-case) geometry can be used. The
thicknesses of the splitter has to be chosen as an integer of
the Pendello¨sung length, which is closely related to Λ [8].
Also in this case, equal intensity splitting can be realized;
however, one should be aware of the following potential
problems. First, the intensity between the two channels
is very sensitive to thickness errors. Second, the angular
acceptance of the splitter as well as the beams intensities
sufficiently decrease with increasing crystal thickness.
In the present Letter we study a beam splitting method
based on the photon energy separation of x-ray beams,
which we refer to here as dual-energy splitting (DES) [25].
DES is implemented here and studied theoretically on
the example of the x-ray Michelson-interferometer-type
optical scheme, as shown in Fig. 1, and briefly presented
above. A few more details regarding the scheme are in
order.
The splitter/mixer crystal C
0
reflects x-ray photons in
an energy bandwidth ∆E
0
into the delayed pulse chan-
nel, shown in blue in Fig. 1. The reflectivity is close to
100% if the crystal thickness d  Λ, see Fig. 2(a). The
incidence angle θ
0
is such that the central photon energy
E
0
of the spectral distribution coincides with the central
energy E
2
of the reflection bandwidth from crystal C
2
set into backscattering, see Fig. 2(b). The bandwidth
∆E2 of crystal C2 is chosen to be close to the bandwidth
∆E0 of crystal C0 . The x-rays back-reflected from C2 are
transmitted through C0 and steered onto the sample S,
provided the angular offset δθ2 is larger than the angu-
lar width ∆θ0 = (∆E0/E0) tan θ0 of the Bragg reflection
from C0 . This can be easily realized, since the angu-
lar width of back-reflection ∆θ2 = 2
√
∆E2/E2 is much
larger [9, 10].
X-ray photons with energies outside the energy band-
width ∆E
0
are transmitted through C
0
, see Fig. 2(d),
and guided into the reference pulse channel by back re-
flection from C
1
, as shown in red in Fig. 1. Crystal C
1
is
equivalent to C
2
. However, it is maintained at a different
temperature T
1
= T
2
+ δT
12
to reflect x-rays transmit-
ted through C
0
in a bandwidth centered at E
1
, which is
shifted from E
2
by δE
01
= E
0
− E
1
> (∆E
0
+ ∆E
1
)/2,
see Fig. 2(e). Photons back-reflected from C
1
will be
reflected from C
0
, see Fig. 2(f), and directed onto the
sample, provided the angle of incidence to C
0
is θ
0
+ δθ
1
,
where according to Bragg’s law δθ
1
= (δE
01
/E
0
) tan θ
0
.
The same angular deviation δθ
1
is required in backscat-
tering from C
1
, see Fig. 1.
If δθ
1
= δθ
2
, the two beams propagate to the sample
parallel to each other with a small offset
δx = 2d
0
cos θ
0
− Lδθ
1
. (1)
For d
0
= 50 µm the first term in Eq. (1) is about 60 µm,
while the second term varies from zero for L = 0 to
−30 µm for L = 1.5 m. As a result, δx varies from 60 µm
to 30 µm, respectively. Given, a usual XFEL beam size
of ' 300 − 700 µm, such shift is insignificant. Despite
the shift, focusing system F brings all the photons to the
same point on the sample.
Spectral dependencies of reflection from and transmis-
sion through each crystal optical element of the split-
delay line are presented in Fig. 2, numerically calculated
according to [11] using equations of the dynamical theory
of x-ray diffraction. Spectral distribution of x-rays arriv-
ing on the sample in the reference and delayed channels
are shown in Fig. 3(a) by the red and blue lines, respec-
tively. The calculations are performed assuming that the
XFEL is working in a self-seeding mode providing x-rays
in a 400-meV bandwidth (black line) [12], and with an
angular spread of 2.5 µrad (FWHM).
The calculations presented in Figs. 2 and 3, are per-
formed with crystal parameters given in Table I for device
1. The choice of the crystals is not unique. In this par-
ticular example, diamond crystals are chosen for all three
optical elements for several reasons. First, the photoab-
sorption in diamond is much less than in Si, and there-
fore the efficiency of diamond optics is higher. Second,
for the same photon energy, the spectral bandwidth of
3device polari- crystal material (hkl) Tn En ∆En θn ∆θn dn εn ε
(abs)
n
# zation Cn [K] [keV] [meV] [µrad] [µm] % %
C0 diamond (004) 300 8.51389 72 54.7359
◦ 12 50 – –
1 σ C1 diamond (224) T2 + δT12 E0 − δE01 44 90◦ -δθ1/2 3675 50 94 9.9
δT12=13 K δE01=120 meV δθ1=20 µrad
C2 diamond (224) 300 E0 44 90
◦-δθ2/2 3675 50 93 9.8
C3 diamond (220) 300 E0 176 90
◦ − θ0 15 >50 – –
C0 diamond (220) 300 8.51389 66 35.2641
◦ 5.5 50 – –
2 pi C1 diamond (224) T2 + δT12 E0 − δE01 44 90◦ -δθ1/2 3675 50 85 8.6
δT12=13 K δE01=120 meV δθ1=10 µrad
C2 diamond (224) 300 E0 44 90
◦-δθ2/2 3675 50 84 8.5
TABLE I: Crystal elements Cn (n = 0, 1, 2) of two split-delay lines schematically presented in Fig. 1, and Cn (n = 0, 1, 2, 3) of
the split-delay lines schematically presented in Fig. 4. Crystal, Bragg reflection parameters, and incident radiation polarization
states are given as used in all dynamical theory calculations: (hkl) - Miller indices of Bragg reflections; Tn - crystal temperature,
dn - crystal thickness, θn - glancing angle of incidence; En - photon energy at the reflection curve center; ∆En , and ∆θn are
Bragg’s reflection spectral width, and angular acceptance, respectively. εn and ε
(abs)
n
are the relative and absolute efficiencies
of respective channels.
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FIG. 3: Spectral distribution of x-rays arriving on the sample
in the reference (red line) and delayed (blue line) channels,
calculated using the dynamical theory of x-ray diffraction,
with crystal parameters of device 1, given in Table I. Black
line shows the spectrum of incident x-rays from a seeded
XFEL. The magenta line shows the spectral distribution of
the photons, transmitted through crystals C0 and C1 . (a)
Calculations for the dual-energy splitting case. (b)-(c) Calcu-
lations under similar conditions, but with C0 functioning in
the single-energy splitting mode in Bragg-case and Laue-case
diffractions, respectively.
Bragg back-reflections from diamond crystals is larger,
due to larger Debye-Waller factors (larger Debye tem-
perature) [13, 14]. We have chosen Bragg reflections with
the largest bandwidth and therefore with the highest effi-
ciency, applicable in a comfortable for XPCS experiments
photon range of 8-9 keV. Given the very recent advance-
ment in fabrication of high-quality diamond crystals and
their use in high-resolution, low-loss x-ray optics [12, 14–
17], the proposed configuration with diamond crystal el-
ements is deemed to be feasible.
Bragg back-reflection is very often accompanied by
parasitic Bragg reflections [10, 18–20], which may waste
a significant number of useful photons and reduce the op-
tics efficiency. The choice of back-reflection was actually
dictated also by the requirement of the minimal amount
of the parasitic reflections. In particular, the 422 back-
reflection from C
1
and C
2
diamond crystals considered
here is accompanied only by one pair of the parasitic
Bragg reflections: 400 and 022. It is easy to suppress
them. To do this, the crystal plane containing the (422),
(400), and (022) reciprocal vectors has to be inclined by
' 100 µrad to the 422 Bragg diffraction plane.
Efficiency is a figure of merit for a split-delay line. Rel-
ative spectral efficiencies for the reference and delayed
channels are very high: ε
1
' 94% and ε
2
' 93%, respec-
tively. The relative spectral efficiency is defined as the
number of photons in the relevant channel normalized
to the number of incident photons within the channel
bandwidth. Absolute spectral efficiencies are calculated
by normalization to the total number of incident photons.
For the 400-meV bandwidth of the XFEL radiation, they
are equal to ε(abs)
1
= 9.9% and ε(abs)
2
= 9.8%, respectively.
The total absolute efficiency of the scheme is about 20%.
The rest of the photons, ' 60%, transmitted through
both C
0
and C
1
can be utilized by the downstream ex-
periment. Therefore, such a split-delay line can be used
in a beam sharing mode at XFEL facilities.
Figures 3(b) and 3(c) show for comparison the results
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FIG. 4: By adding crystal C3 with θ3 = pi/2−θ0 the delay line
in Fig. 1 becomes more compact, with reference and delayed
pulses propagating almost parallel to the incident beam.
of calculations of the spectral distributions for the same
scheme, but, with C0 functioning in single-energy split-
ting mode in Bragg-case (b) or Laue-case (c) diffraction,
with d0 = 6.4 µm and d0 = 52.4 µm, respectively. Single-
energy splitting requires that δθ2 = δθ1 = 0. The val-
ues of efficiencies indicated in Fig. 3 show that the dual-
energy splitting scheme is about three to four times more
efficient than the single-energy splitting schemes.
If the vertical configurationis inconvenient, the same
scheme could be used in the horizontal scattering ge-
ometry. In this case the incident radiation is in the
pi-polarization state. Device 2 in Table I presents an
example of the split-delay line functioning in horizontal
scattering plane and having very similar performance in
terms of efficiency and other parameters.
The scheme could be made more compact, with the
beams propagating to the sample parallel to the inci-
dent beam. This is achieved by additional Bragg re-
flection from an additional crystal C
3
with Bragg an-
gle θ
3
= pi/2 − θ
0
, as show in Fig. 4. The efficiency
of the four-crystal scheme is almost the same as that of
the three-crystal scheme, provided a high-reflectivity di-
amond crystal C
3
is used, as suggested in Table I.
The split-delay lines presented here are also applicable
at synchrotron radiation facilities. The larger angular
divergence of the incident beam ' 10 − 15 µrad will,
however, result in a ' 15−30% reduction of the efficiency
for the three-crystal scheme and a ' 20− 35% reduction
of the efficiency for the four-crystal scheme.
In conclusion, the three-crystal split-delay x-ray
scheme for XPCS applications is introduced and stud-
ied theoretically. Application of the dual-energy splitting
significantly increases the efficiency of the optical scheme.
Due to the high transparency of diamond crystal, the
split-delay line of such design can be used at XFEL fa-
cilities in the beam sharing mode. A four-crystal modifi-
cation makes the scheme in-line and more convenient for
XPCS experiments.
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